Introduction
Monitoring the temperature of the human body is important in physiology because it affects the rate of chemical reactions in physiological activities [1] and in sick and injured patients under anesthesia whose thermoregulation mechanisms are uncertain. Monitoring temperature using infrared (IR) photodetectors is also important in human healthcare [2] , detection of gas leakages [3] , security monitoring [4] and in several consumer electronics products [5] [6] [7] . However, most existing infrared (IR) detectors and temperature sensors are rigid and cannot be integrated with soft, flexible and curvilinear matter (especially in humans and living flora and fauna). In this regard, fabrication of flexible and transparent IR detectors and temperature sensors on lightweight and bendable polymer substrates has recently received significant attention.
Amongst the popular polymer [8] substrates useful for flexible electronics, polyimide (PI) is being increasingly used due to its attractive characteristics such as strong adhesion to metal coatings, which provides a high degree of strain delocalization and a wide operating temperature range of −269°C to 400°C, which is ideal for its use in deposition techniques such as sputtering and e-beam evaporation. Its adhesion to photoresists and resistance to corrosive acids used during etching are other characteristics which allow for its extensive use in microfabrication because direct patterning of structures can be performed on it. Moreover, because of the silicone adhesive at the back of the flexible polyimide substrate, it can be easily placed in any desired position on an object of interest. Additionally, its biocompatibility makes it best suited for the development of flexible and wearable electronics.
On the other hand, with discovery of graphene, there has been considerable interest in graphene-based electronics and optoelectronics because of its excellent charge carrier mobility [9] , high electrical conductivity [10] , high optical transmittance [11] and high mechanical stability [12] . Furthermore, its high broadband absorption ranging from visible to IR makes it an ideal candidate for next-generation IR photodetectors. In this context, there are several reports on graphenebased IR photodetectors and temperature sensors. Some of them include the use of reduced graphene oxide (rGO) and graphene nanoribbons on silicon, CVD-grown graphene and PbS quantum dots on flexible polyethylene terephthalate (PET) substrate, multilayered graphene, N-doped CVD-grown graphene, rGO on biodegradable cellulose substrate, CVD-grown graphene nanowalls on polydimethylsiloxane (PDMS), graphene inkjet printed on flexible PET substrate for IR and temperature sensing [13] [14] [15] [16] . Here it should be noted that even though some of the reported devices exhibited good performance, the device fabrication in those studies involves the use of inkjet printing, multiple and complex transfer processes during fabrication and use of an additional dielectric layer for controlling the mobility of photo-generated electrons by the grapheneous sensing material in the device. On the contrary, in this work, a flexible IR photodetector and wearable temperature sensor based on solar exfoliated reduced graphene oxide (SrGO) and graphene flakes on a polyimide (PI) tape substrate are fabricated. The idea here is to exploit the dielectric property of the PI substrate to control the recombination of photo-generated electrons by SrGO and graphene flakes which are the sensing materials in the devices. Also, the adhesive layer of the tape relaxes the strain when subject to bending [17] . The strategy used in this work greatly simplifies the fabrication process of the devices while still allowing them to exhibit high sensitivity. Moreover, high thermal expansion and excellent biocompatibility of PI, and the semi-metal character of SrGO and graphene flakes allows the fabrication of a wearable temperature sensor. This paves way for the development of ubiquitous flexible graphene-based low-power electronic devices for mass production targeting diverse applications.
Materials and methods

Materials
Graphite powder 300 mesh 99% purchased from Alfa aesar, NaCl, analytical grade chemicals namely 98% H 2 SO 4 , KMnO4, H 2 O 2 , HCl (purchased from Sigma Aldrich) were used in the synthesis of SrGO. Graphene flakes were procured from Graphene Supermarket, USA. All the chemicals were used as received. Deionized (DI) water from Millipore system (∼18.2 MΩ) was used throughout the experiment.
Synthesis and characterization of reduced graphene oxide
SrGO [18] was synthesized by photo-thermal reduction and simultaneous exfoliation of graphene oxide (GO) using a modified Hummer's method. The details of the synthesis can be found in the supplementary information (SI, available at stacks.iop.org/FPE/1/ 025006/mmedia). The details regarding the character ization techniques and instruments used can also be found in the SI.
Sensor design and fabrication
Copper electrodes were microfabricated on PI tape supported on a pre-cleaned silicon wafer using the cleanroom facilities available at IIT Hyderabad, India. Briefly, the silicon wafer was cleaned using piranha ((H 2 SO 4 + H 2 O 2 ) in the ratio 3:1) and PI tape was attached to it. It was then cleaned with acetone and isopropyl alcohol. This was followed by spin coating positive photoresist S1813 to define the source and drain areas by photolithography. Metal deposition was done by DC sputtering. The thickness of the titanium adhesion layer was maintained at 20 nm and that of copper above it was 180 nm. Finally, the electrodes were patterned by a lift-off technique by ultra-sonicating with acetone. Synthesized SrGO and commercially procured graphene flakes were dispersed in dimethylforamide (DMF) (0.5 wt. %) and were drop-cast in the channel region of the device as the sensing element. The schematic of the complete process flow for the fabrication of the device on flexible PI is as shown in figure 1(a). Figures 1(b) and (c) depict the bendability, transparency, wearability and the ubiquitous nature of the device wherein it can be easily attached/integrated onto different surfaces such as skin, cloth, the bark of a tree and a leaf's surface.
Results and discussions
Structural characterization was done in terms of scanning electron microscopy (SEM), transmission election microscopy (TEM) to study the morphology of the synthesized SrGO to elucidate the physical properties-structure relationship. Chemical characterization of GO and SrGO was done by x-ray diffraction (XRD) analysis. Chemical/molecular analysis by Raman spectroscopy was performed to confirm the reduction of GO. Details of the characterization data (FESEM, TEM, XRD and Raman) and their analysis can be found in the SI.
The as-fabricated devices with SrGO and graphene flakes as the channels across the Cu contacts on flexible PI substrates were subsequently tested for their performance as IR photodetectors and wearable temperature sensors. An IR lamp with wavelength greater than 780 nm was used to conduct IR sensing experiments. Temperature sensing was performed using a temperature dependent I-V set up (Phoenix, Karl Suss). Figure 2 shows the I-V curves of the devices constituted by graphene flakes and SrGO under IR illumination for different lengths of time. Prior to recording I-V curves under IR illumination (intensity = 53 mW cm −2 ), the samples were kept in the dark for 12 h to stabilize them. The device constituting graphene flakes when exposed to IR for 1 min resulted in a 17.47% decrease in resistance w.r.t resistance in the dark indicating a quick response. After illumination for 3 min, a 41.03% decrease in the resistance was observed. This observation is attributed to the increased number of photo-generated electronhole pairs in the graphene flakes. For an illumination time of 5 min, a 46.89% decrease in the resistance was observed and thereafter the current saturated and no further decrease in resistance was observed, likely owing to the saturation of the photo-generated electron-hole pairs.
Similarly the device constituting SrGO when exposed to IR for 1 min resulted in a 15.98% decrease in resistance w.r.t resistance in the dark, indicating a quick response. For an illumination time of 7 min, a 43.03% (saturation value) decrease in the resistance was observed. Resistance versus exposure time on IR illumination for both SrGO-and graphene-based devices can be found in the supplementary information, figure SI5 . The dark resistance of SrGO-based device was higher than that of the graphene flakebased device, indicating higher sensitivity of the former. Further, the higher saturation time in the case of SrGO-based devices can be understood in terms of lower mobility of SrGO which does not allow the recombination of carriers and this effect is not only limited to the SrGO/electrode interface [19] but also extends well into the SrGO, away from the electrodes as presented in the latter part of discussion. Figure 3 shows the temporal response of photocurrent for the graphene flakes and SrGO-based device under IR illumination. An external bias of 1 V was applied to the metal electrodes while recording the response. The IR source was turned 'on' and 'off' at multiple intervals of time to demonstrate reproducibility of the data with time. In order to obtain consistent sensing results and ensure repeatability, measurements were carried out on four devices which had their initial resistance in the range of 53 kΩ to 58 kΩ in the case of graphene flake-based devices and 65 KΩ to 68 KΩ in the case of SrGO-based devices. It was observed that all the devices yielded a similar response. Here, we focused on the saturation of photocurrent to study the long-term effect of exposure to IR on a sensor. No degradation in the performance of the device was observed when tested multiple times. Figure 3(c) shows the photocurrent as a function of time with human body (hand) IR at 1 V for SrGObased devices. It is clearly seen that when the human hand is brought near the device, due to IR radiation emitted by the body, the device current increases implying the device is capable of detecting human body IR radiation, which has tremendous implications in human motion monitoring, IR imaging etc. When external bias voltage was not applied, the devices did not respond to the IR illumination indicating that an external bias voltage is needed for separation of the photo-generated electrons and holes. The temporal response of the photocurrent in the absence of bias of the SrGO-based device is shown in figure SI6 . Graphene is known to absorb photons over a wide range of wavelengths (from visible to IR) because of its gapless energy dispersion and excellent inter-band transitions [20] , thus making it suitable for photo-detection. On absorption of IR radiation, electron-hole pairs are generated all over the surface of graphene. But owing to its high mobility, the electrons tend to recombine within tens of picoseconds [21] . However in this work, owing to the nature of materials (i.e., SrGO, graphene flakes and PI substrate) the mobility is significantly lower and hence an external voltage is required for the separation of photo-generated electrons and holes before they recombine. The benefit of using PI is its dielectric behavior which contributes to the decrease in the mobility of photo-generated electron-hole pairs, thus eventually enabling detection. In addition, the use of a PI substrate significantly reduces the complexity of device fabrication by eliminating the step of growing a silicon oxide layer which is typical in the fabrication of conventional CMOS technology based devices.
Due to the local electric field near the metal/graphene interface (as a result of IR illumination) and the applied external voltage, the photocurrent generated at the graphene/electrode interface is greater than that at the middle of the channel region [22] . Due to the absence of a strong electric field away from the metal/ graphene interface, the electron-hole pair does not separate and tends to recombine efficiently. As discussed above, since the mobility of graphene flakes is higher than that of SrGO, the photo-generated electron-hole pairs that are away from the metal/graphene interface recombine and hence the contribution to photocurrent is mainly due to the photo-generated electrons near the graphene/electrode interface. In the case of SrGO, the recombination rate is much lower at positions far away from the metal/graphene interface and hence the contribution to the photocurrent is not only due to the photo-generated electrons at the interface but also from regions away from the interface. Therefore the saturation time is greater for SrGO-based devices than for graphene flake-based devices. Also, as the work function of copper is less than that of graphene it allows for easy transfer of photo-generated electrons at the interface. Current responsivity (R λ ) and external quantum efficiency (EQE) are two important parameters for a photodetector. Current responsivity of the photodetector is defined as photocurrent (I λ ) generated per unit power of the incident light of wavelength (λ) on the effective area (A) of a detector [23] and is given by R λ = I λ /P λ × A, where P λ is the dark current. EQE is defined as the number of electrons detected per incident photon [24] and is given by EQE = h.c. × R λ /eλ, where c, h and e are velocity of light, Planck's constant and charge of an electron, respectively. Here, photocurrent is considered as the difference between current under illumination and dark current. R λ and EQE of graphene flake-and SrGO-based devices are measured as 0.4 A W −1 and 16.53% and 0.8 A W −1 and 33.06%, respectively. The higher the values of R λ and EQE, the higher the sensitivity. In this work, higher values of R λ and EQE are observed in the case of SrGO-based device as compared to the graphene flake-based device indicating that SrGO-based devices are more sensitive to IR illumination than graphene flake-based devices. The above result is also in agreement with the dark resistance values measured for both SrGO-and graphene flake-based devices. The dark current value measured in the case of the SrGO-based device is lower than that of the graphene flake-based device. This indicates that the SrGO-based device is more sensitive to IR illumination than the graphene flake-based device. Figure 4 shows I-V characteristics of the devices in the temperature range 35°C-45°C. The data depict the ability of sensors to monitor human body temperature with high precision. It is clear from figure 4 that the I-V characteristics of both the devices show an increase in current with increase in temperature indicating negative temperature coefficient of resistance. Figure 5 shows the variation of resistance with temperature in the range 25°C-150°C. These measurements were carried out by heating the slab of the probe station on which the device was mounted to 150°C and then cooling it to 25°C in steps. Prior to each measurement, a waiting period of ∼10-12 s was maintained at a particular temperature to stabilize the device.
From figure 5 it can be clearly observed that as the temperature increases there is an exponential decrease in the resistance indicating the ability of wide linear range detection from 25°C to 60°C. This suggests that the fabricated flexible sensors can not only be used for monitoring the human body temperature but also be used in high temperature applications such as automotive and industrial applications wherein many process parameters are required to be monitored at high temperature. A 4% decrease in resistance is observed for the human body temperature range (36°C-45°C) for graphene flake-based devices as compared to a 15% decrease in resistance for SrGO-based devices. These results clearly show that SrGO-based devices are more sensitive to temperature than graphene flakebased devices. Moreover, for the complete temperature range (25°C-150°C) considered in this work, a 23% and 72% decrease in resistance values is observed for graphene flake-and SrGO-based devices, respectively. The measurements were repeated for four devices and similar results were obtained for both SrGOand graphene flake-based devices. Temperature coefficient of resistance (TCR, α) is a characteristic parameter for a temperature sensor and is given by α = 1/R 0 × (dR/dT), where R 0 is the initial resistance.
The calculated TCR values for graphene flake-and SrGO-based devices are −41.30 × 10 , respectively. The higher the value of TCR, the more sensitive the device. This indicates that SrGO-based devices are more sensitive than graphene flake-based devices for temperature sensing. When compared with commercially available temperature sensors, e.g. a Pt temperature sensor (39.2 × 10 −4°C−1 ), both graphene flake-and SrGObased devices recorded higher TCR values [25] . This could possibly be explained due to large number of thermally activated defect traps present in SrGO which contribute to long range variable hopping of the electrons which is common in disordered structures [26] .
Here it should be noted that SrGO has local defects and disordered structure [18] . However, further studies with regards to the relation of defects to the temperature sensitivity have to be pursued. Activation energies of graphene flake-and SrGO-based devices are measured as 24.19 and 90.7 meV, respectively. These values are the slopes of the linearly fitted ln(R) versus inverse of temperature T plots shown in figures 6(a) and (b) for graphene flake-and SrGObased devices, respectively. The greater the activation energy, the more sensitive the device. SrGO-based devices are more sensitive (owing to a greater slope in figure 6 (b) than in figure 6(a)) to variations in temperature.
There are few reports on the fabrication of flexible temperature sensors such as those based on (i) CVD graphene nanowalls on PDMS substrate achieving positive temperature coefficient [15] , (ii) graphite-PDMS composite on flexible PI substrate [27] , (iii) Ni microparticle filled polymer composite using a radiofrequency identification tag [28] , and (iv) semi-permeable substrate for remote health monitoring by transfer printing method [29] fabrication of flexible IR photodetectors such as those based on Si as the sensing element and PDMS and PI for flexibility for its use in tissue oximetry [30] and GO-polymer composite on polyethersulfone substrate (FET design) have also been reported [31] . However, these studies involve complex and time-consuming processing steps in terms of device fabrication and mold design, which not only increase the costs but also affect the device performance. In addition, the use of PDMS as a flexible substrate is not recommended because of the lower adhesion of metals onto its surface, which hinders its practical applicability in FET-based devices. Moreover, the use of an organic-inorganic gate dielectric to decrease the mobility of photo-generated electrons is an additional step which again requires an additional processing/fabrication step. 
Conclusion
To summarize, a ubiquitous flexible IR photodetector and wearable temperature sensor based on SrGO and graphene flakes on flexible PI tape substrate are fabricated. The strategy outlined in this work combines the synergistic benefits of both sensing material and the substrate (which acts as a dielectric as well) thereby eliminating the need for an additional processing step thus making the fabrication of the devices simpler without compromising their performance. The current responsivity and EQE of the SrGO-based IR photodetector are twofold higher than the graphene flake-based IR photodetector. Interestingly, the SrGO-based device showed response to IR radiation from the human body when a human hand was brought near the device. When tested for temperature sensing, both SrGO-and graphene flake-based devices exhibited negative temperature coefficient values which are greater than those exhibited by some commercial sensors. This work clearly indicates that graphene on PI can be effectively used as a high sensitive IR photodetector and wearable temperature sensing platform in applications ranging from human motion monitoring, IR imaging, safety, and clinical diagnosis to industrial and automotive applications. The fabrication approach demonstrated in this work is a viable strategy to develop flexible organic electronics and can be used to provide a simple, cost effective solution to next-generation graphene-based miniaturized, lowpower wearable and bio-implantable devices.
